In this study we aim at disentangling the causes and consequences of diel feeding 7 rhythms in marine microzooplankton. We focused on the diel feeding activity of two 8 heterotrophic dinoflagellate species, Gyrodinium dominans (one laboratory strain) and 9
Introduction 20
Light is a major driver of life in our planet, and as such it regulates the production and 21 distribution of phototrophic organisms; for instance, the vertical distribution and 22 seasonal production peaks of plankton in aquatic ecosystems are dependent on light 23 availability (Sverdrup 1953; Margalef 1978) . It is known that light also drives the 24 feeding rhythms of mesozooplankton both in marine and freshwater systems (e.g. Duval 25 and in the protozoan food vacuole, while promoting ingested material break down and 46 increasing assimilation and gross growth efficiencies. By this process, digestion would 47 not limit (or limit less) the incorporation of new items into the food vacuoles, enhancing 48 the feeding rates. Alternatively, Ng and Liu (2015) suggested that diel variations on 49 phytoplankton stoichiometry (i.e. higher C:N ratio during day) can potentially influence 50 the feeding behaviour of grazers. A diel periodicity of the C:N ratio has been detected in 51 various phytoplankton groups (Stramski and evolved as an adaptation to avoid being predated. Because feeding typically implies 62 swimming, grazers become more conspicuous and increase encounter rates when 63 feeding (Broglio et al. 2001) ; therefore, to reduce the probability of being predated 64 protozoans should display diel feeding rhythms reverse to that of their major grazers, 65
i.e. the copepods (Saiz and Calbet 2011) . Until now, however, no experimental evidence 66 confirms this plausible hypothesis, although in copepods such behavioural mechanisms 67 have been reported (Saiz et al. 1993; Heuschele et al. 2014) . 68
Here we studied the diel feeding activity of two heterotrophic dinoflagellate species, 69
Gyrodinium dominans (a laboratory cultivated strain kept for many generations) and 70
Oxyrrhis marina (both a laboratory cultivated and a wild strain), and examined the 71 effect of several factors on their feeding behaviour. Considered cosmopolitan species, 72 they inhabit different environments with contrasting biological, physical and chemical 73
properties; this has lead to different adaptive ecological and physiological strategies 74 ). We determined: (1) the presence of diel feeding rhythms in our 75 target grazers and then checked whether nutritional properties of prey between day and 76 night may explain the presence of rhythms; (2) whether the growth phase of the prey 77 can evoke changes on the grazers' feeding behavior; (3) the diel response of well-fed vs 78 starved grazers (i.e. 48h unfed) to prey; in this case, we expected rhythms to be 79 influenced by the grazer previous feeding history, with well-fed grazers showing higher 80 amplitude diel feeding rhythms than starved ones; (4) the effects of prey concentration 81 on the amplitude on the diel feeding rhythms of microzooplankton. One could expect 82 the diel activity being influenced by prey availability. Under non-limiting food 83 conditions, microzooplankton may "opt" to feed less during the night period, when 84 potential predators may have a larger impact, and therefore the differences between day 85 and night feeding would become higher; under food limitation, the grazers might be 86 forced to search for food both during the day and during the night to cover their 87 metabolic demands, as it occurs in more complex organisms, such as copepods (Huntley 88 and Brooks 1982; Calbet et al. 1999) . 
Prey and grazer diel changes in size and biochemical composition 106
We assessed the morphological (size) and biochemical (C:N:P) changes during the 107 different growing phases (i.e. exponential and stationary phases) of R. salina by 108 following the development of a triplicated culture of R. salina since inoculation until the 109 beginning of the decay phase. The cultures were sampled before the light and dark 110 periods started to determine cell size and concentration with the Coulter counter. 111
Concurrently, we also analysed the elemental composition (carbon, nitrogen and 112 phosphorus) of R. salina during the exponential and stationary phases of growth. For C 113 and N analysis, 5 mL aliquots of the R. salina culture were filtered onto 25-mm 114 diameter pre-combusted GF/F filters (450 ºC, 6h), dried at 60°C during 48 h and kept in 115 a desiccator until analysis with an elemental analyser FlashEA1112 (ThermoFinnigan). 116
For P analysis, 2 mL aliquots were used and immediately frozen at -80 ºC after 117 filtration; later, samples were digested with NaOH-K 2 S 2 O 8 , and then analysed as 118 inorganic P with an AA3HR autoanalyser (Seal Analytical). Following the same 119 procedure, we analysed the biochemical composition of OXY-BCN and GYR-BCN 120 before the light and dark periods after 2-days of starvation, when no prey was present in 121 the suspension. For these samples we filtered from 20 to 50 ml, depending on the grazer 122
concentration. 123 124
Experimental set-up 125
1. General set-up. The general procedure for the experiments was as follows. At each 126 experiment, grazer and prey stock concentrations were determined with a Beckman 127
Coulter Multisizer III particle counter (100-µm aperture tube) within 1-2 h before the 128 beginning of, respectively, the light period (9:00 h) and the night period (19:00 h). 129
Then, the desired predator-prey suspensions were prepared and distributed at intervals 130 by filling one-third of experimental (both grazer and prey) and control (only prey) 131 bottles (72 mL polyethylene culture flasks; 3-4 replicates). Extra bottles at each prey-132 predator mixture were also prepared for determination of initial concentrations. Once 133 set, the bottles were incubated on a plankton wheel (0.2 r.p.m.). About 1 h before the 134 end of the respective light and night periods, the corresponding incubations were 135 terminated and grazer and prey concentrations determined. During the light period the 136 bottles were exposed to fluorescent lamps providing an irradiation that ranged between 137 80 and 290 μE m -2 s -1 through a complete rotation of the wheel. Grazer and prey 138 concentrations (in cells and in biovolume) at the beginning and at the end of the 139 incubations were determined with the Beckman Coulter Multisizer III particle counter. 140 2. Effect of prey growth condition on diel feeding rhythms. We designed a series of 141 experiments to explore whether the diel differences in feeding and growth rates of the 142 grazers were affected by the prey growth phase (i.e. exponential vs. stationary), and at 143 its turn, by its biochemical composition. For this experiments we used the strains GYR-144 BCN and OXY-BCN, previously starved for 48 h. All the experimental procedures are 145 as described in the General set-up section. Based on the results obtained (see Results), 146 we decided to use R. salina (7-8 x 10 4 cells ml -1 ) in stationary phase for the rest of the 147 experiments in order to minimize the day-night cells size variation. 148 3. Effect of the grazer feeding history on diel feeding rhythms. We investigated whether 149 the previous feeding history of the grazer affected the amplitude of the diel feeding 150 rhythm. Hence, we compared the grazing and growth rates of GYR-BCN and OXY-151 BCN fed ad libitum with R. salina with those of 48 h-starved grazers (i.e. unfed for two 152 days). The experiments were conducted following the general procedures described 153 above. O. marina. All the experiments were conducted in triplicate and followed the general 163 procedures described above. 164
Calculation of feeding rates 165
The calculation of feeding rates followed the exponential equations of Frost (1977) . The 166 grazing coefficient (h -1 ) was estimated as: 167
where µ (h -1 ) is the intrinsic prey growth in the control bottles (only prey), and k is the 
Prey and grazer diel changes in size and biochemical composition 185
Rhodomonas salina entered in exponential growth (μ = 0.38 d -1 ) after a short (1 day) lag 186 phase and remained exponentially growing for four days (Fig. 1a) . Stationary phase 187 reached densities of 1.6x10 6 cells mL -1 . Cells divided mostly during the night, which 188 produced important differences in cell size between day and night. These differences 189 were evident only during the exponential phase (Fig. 1b) ; cells were about 33% larger in 190 volume during the day hours than during the night hours. 191
We present in Table 2 the stoichiometric composition of R. salina under exponential 192 (days 12-13, both day and night periods, in Fig. 1 ) and stationary (from day 16, day 193 period, to day 18, night period, in Fig. 1) phases. All elemental ratios were significantly 194 higher during day time in the exponential phase of growth (C:N, 20% higher; C:P, 64%; 195 N:P, 42%), whereas no difference between day and night composition were detected in 196 stationary phase (Table 2) . When comparing between exponential and stationary phases, 197 the C:N and C:P were more than double during stationary phase respect exponential, 198 whereas for N:P values differences between growth phases were of much lower 199
magnitude. 200
The stoichiometric ratios of O. marina and G. dominans did not overall differ 201 significantly between day and night (Table 3) ; only the C:N ratios of G. dominans 202 differed between day and night, but the magnitude of variation was rather small (4% 203 higher during the day; Table 3) . 204
Effect of prey growth conditions on diel feeding rhythms 205
We compared the diel feeding response of GYR-BCN and OXY-BCN when feeding on 206 Fig. 2 . In both species prey on stationary phase induced feeding rhythms of 209 higher amplitude than when on exponential phase, being the rates about 5 (GYRO-210 BCN) and 10 (OXY-BCN) times higher during the day (p<0.001, t-test). In contrast, the 211 results obtained with prey growing at exponential rates did not result in such a clear 212 outcome. Whereas for GYR-BCN ingestion rates were higher during the day (p < 0.001 213 for cells and volume, t-test), OXY-BCN showed an opposite pattern, with higher cell-214 based ingestion rates during the night (p<0.05, t-test), and no statistically significant 215 differences between day and night when on a volume basis. 216
R. salina
in the exponential and stationary growth phases. The feeding rates obtained 207 are presented in terms of cell (cells ind -1 hour -1 ) and volume ingested (μm 3 grazer -1 208 hour 1 ) in
Effect of the feeding history on diel feeding rhythms 217
Diel ingestion rates of previously fed and starved GYR-BCN and OXY-BCN are 218 presented in terms of cells and volume ingested in Fig. 3 . In all cases ingestion rates 219 were significantly higher during the light period (p<0.05; t-test). For GYR-BCN 220 ingestion rates were about 55% (fed grazers) and 44% (starved grazers) higher during 221 the day, whereas for OXY-BCN the increase was 13% and 34% for fed and starved 222 grazers, respectively (Fig. 3) . 223
Effect of food concentration on diel feeding rhythms 224
Food availability clearly modified the feeding rhythms of the 3 grazers studied (Fig. 4a,  225 b). Under saturating food conditions all grazers showed the largest differences between 226 day and night ingestion rates (in terms of prey volume consumed); these differences 227 diminished as food concentration decreased. At limiting food conditions the daily 228 rhythms disappeared for OXY-BCN and it was poorly marked in the other strains. Out 229 of the 3 strains studied, GYR-BCN showed the highest rhythm amplitude, followed by 230 OXY-BCN-2016 (Fig. 4) . Except for GYR-BCN, the slopes of the relationship between 231 food concentration and the ratio between day and night ingestion rates were 232 significantly different from zero (p<0.05; Fig. 4) , indicating a significant effect of prey 233 concentration; in the case of GYR-BCN, however, the removal of one outlier value 234 made the regression turn out significant (p<0.05). The effects of food concentration on 235 the diel feeding rhythms of the three grazers were similar, as indicated by the lack of 236 significant differences among slopes (Fig. 4, p=0.51; ANCOVA test) . However, the 237 intercepts were significantly different between regression lines (p<0.01), which support 238 that the magnitude of the rhythm is species/strain specific. In all treatments the grazers 239
showed negligible growth rate (data not shown). 
Causes of microzooplankton diel feeding rhythms 248
Phytoplankton activity is affected by light, leading to a diel periodicity in cell division 249 and cellular properties (including C:N ratio) (Prézelin 1992 and Liu 2015). Ng and Liu (2015) argued that the feeding behaviour of nanoflagellated 259 grazers could be strongly induced by these diel stoichiometric variations of prey, as a 260 result of compensatory feeding response by increasing grazing rates on low quality prey 261 (i.e. high C:N) during the daytime. However, the same authors found also a distinct diel 262 grazing pattern when flagellates were feeding on fluorescently-labelled dead bacteria. 263 Also, Strom (2001) found that under saturating food conditions, the ingestion of dead 264 fluorescently-labelled algae was 2.2 times higher in the light; she suggested a light-265 aided digestion mechanism. These two latter evidences seem to contradict the role of 266 diel changes in algae composition as triggers of their grazer's diel feeding activity. 267
Moreover, Jakobsen and Strom (2004) detected that the diel variations in growth and 268 ingestion rates during day and night persisted in 24-h continuous darkness (although the 269 rhythm slowly eroded after a few days), challenging Ng and Liu (2015) and Strom 270 (2001) hypotheses. It seems, then, that either particular rules apply to each species, or 271 that there must be an alternative explanation for the presence of diel feeding rhythms in 272 microzooplankton. In our experiments we also detected a diel well-marked difference in 273 R. salina cell size and stoichiometric composition during exponential phase, but these 274 differences faded away in early stationary phase. This fact allowed us to test the role of 275 diel changes in size and elemental composition in causing the existence of feeding 276 rhythms. We found that GYR-BCN and OXY-BCN showed higher ingestion rates 277 during the day when fed on stationary phase prey, therefore corroborating that these two 278 factors cannot explain the presence of feeding rhythms. Nevertheless, the smaller prey 279 size during night under exponential growth may mask, in occasions, these feeding 280 patterns, as we observed in OXY-BCN (Fig. 2) ; this effect disappeared under stationary 281 phase conditions where prey size was similar. Our results, therefore, lead to the 282 conclusion that other factors, not only related to prey characteristics, must play an 283 important role in determining the diel feeding activity of microzooplankton. 284
Oceanic planktonic habitats are known to be often food limited (Conover 1968) . When 285 prey are limiting, feeding behaviour of a grazer may be compromised as it is linked to 286 swimming and, therefore, a grazer must increase its search effort. Hence, it increases the 287 encounter rate with their own predators and, at the same time, they become more 288 conspicuous to them. In this situation, a balance between feeding to maintain minimum 289 nutritional requirements and the risk of being predated is necessary (Huntley and and Finlay (1983). Some species are also known to recur to resting cysts formation 296 when prey concentration is low (Goodman 1987; Fenchel 1990 ). We suggest that 297 microzooplankton may "opt" to diminish the feeding rhythm. As we initially 298 hypothesised, the feeding rhythm of the studied microzooplanktonic grazers was of 299 higher amplitude when food was not limiting. It would be expected that at low food 300 concentration, starved grazers would fed in an arbitrarily manner, without following a 301 light-darkness cycle to fed. As a consequence, this would lead to a major mobility by 302 the protozoans, which implies being more detectable by their own predators. This 303 means that the threat of predation may be an important component explaining 304 In our study, the magnitude of the feeding rhythm (Fig. 4) differed between 311 species/strains, being GYR-BCN the species with the most marked rhythm. G. 312 dominans is typically found in costal and oceanic waters where vertical migrations of 313 mesozooplankton are common and predation risk is higher at night (Saiz et al. 2014) . life history traits that allow it to quickly exploit resources whenever conditions are 317 favourable . 318
We have demonstrated so far that, at least for the species of microzooplankton studied 319 here, feeding rhythms appear to be independent of circadian changes in prey 320 biochemical composition or previous grazer feeding history, but are modified by prey 321 concentration. It may be argued, however, that decreased feeding rates during the night 322 may be consequence of synchronized division of the grazer at night, constraining 323 feeding while dividing. Even though we cannot disregard this hypothesis, our data do 324 not seem to confirm it. Growth rates after the two-day starvation period were negligible 325 for both GYR-BCN and OXY-BCN in all the experiments. Therefore, it is unlikely that 326 the arrangement of the cell organelles during division can explain the arrest of ingestion 327 during night. 328
Consequences of microzooplankton diel feeding rhythms 329
Regardless of the ecological reasons behind the existence of diel feeding rhythms in 330 microzooplankton, their consequences in natural ecosystems are important. Higher 331 ingestions during day, on pre-dividing algal cells should have more impacts on 332 phytoplankton populations than the same grazing activity on already divided (night) 333 algae. Given the relationship between prey availability and intensity of the diel feeding 334 activity we found, it can be hypothesized diel rhythms are more relevant in upwellings 335
and productive systems than in oligotrophic ones. In all these systems 336 microzooplankton appear as the major herbivore ( The only field study we are aware of dealt with bacterivory in coastal South China Sea 339
and Hong Kong waters and found evidences of a higher diurnal grazing activity on 340 bacteria (Ng and Liu 2015) . 341
A relevant outcome of our data is that it establishes a resource dependence of diel 342 periodicity in microzooplankton grazing, which can have unanticipated consequences 343 for the most common way to determine microzooplankton grazing rates in the field, the 344 dilution grazing experiments (Landry and Hassett 1982) . Along the dilution series diel 345 feeding activity will be artificially modified since food availability is modified. 
